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Abstract

With the recent advancement in emerging biomedical engineering fields, such as tissue engineering, regenerative medicine,
and wearable medical devices, there is a growing need to develop adhesives that can function not only as tissue sealants for
surgery and wound closure, but also attach various biomaterials and devices. These “bioadhesives” should allow refined
control of cohesive and adhesive properties, while significantly improving the biocompatibility and biodegradability. For
this reason, bioadhesives are being developed using a wide range of natural biopolymers with proven biocompatibility that
can also impart multifunctionality either using their innate properties and/or obtained via various chemical modifications.
In this review, state-of-the-art bioadhesives made from multifunctional biopolymers are introduced.

Graphical abstract

Natural biopolymers are increasingly utilized to develop adhesives for biomedical applications, including wound healing and
biomedical devices, for their favorable physicomechanical properties as well as their proven biocompatibility. Furthermore,
various modification strategies are often employed to impart multifunctionality. In this review, recent development and
notable examples of bioadhesives based on multifunctional biopolymers are highlighted.
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tissues [1-4]. Bioadhesives are increasingly implemented
in emerging biomedical fields, such as surgical and wound
closure (tissue sealant), implant fixture (e.g. dental and
bone), drug delivery systems, and wearable bioelectron-
ics. There is a growing need to develop bioadhesives with
much improved adhesive properties, biocompatibility and
production efficiency, as the next generation of biomedi-
cal engineering is likely to involve the use of biomaterials
developed from various sources [5]. The bioadhesives will
ensure their simplified operation, reduce surgical time and
minimal invasiveness.

The most important distinction for bioadhesives is the
requirement for biocompatibility. This is the primary reason
for utilizing natural biopolymers, such as polysaccharides
and proteins. But synthetic polymers with proven biocom-
patibility are also widely utilized. Hemotoxicity and cytotox-
icity are considered gold standard for in vitro evaluation of
the biocompatibility, as outlined by International Organiza-
tion for Standardization (ISO) 10993. For more detailed and
physiological analyses, animal models are also used. These
in vivo analyses can provide in-depth systemic responses,
such as inflammation, immunogenicity and wound healing,
in addition to measure adhesion strength against biological
tissue.

Similar to other adhesives, bioadhesives require a deli-
cate balance between cohesion and adhesion [6, 7]. Strong
adhesion is based on the ability to safely induce chemical
and/or physical bonds between the adhesive material and
the surface of biomaterial. This is especially challenging,
because most biomaterials and tissues contain significant
amount of water, which generally opposes strong adhesion
to the surface. Therefore, the type of polymer and the mode
of crosslinking must be carefully chosen. The cohesion,
which refers to the mechanical strength of bioadhesives to
withstand external forces without structural disintegration,
can be controlled by controlling the degree of crosslink-
ing. Additionally, other strategies for mechanical augmen-
tation, such as interpenetrating network (IPN), semi-IPN,
and nanocomposite formation, have been also employed [8,
9]. Generally, increasing cohesion improves adhesion by
holding the adhesive molecules together, thereby opposing
structural disintegration. However, further increase in cohe-
sion beyond a critical limit diminishes the adhesion, because
more adhesive molecules interact with each other at higher
crosslinking density than those interacting with the surface
[10]. Also, increasing cohesion could lead to increased brit-
tleness and loss of ductility.

Compared to adhesives for industrial uses that require
extremely high mechanical strength (e.g. assembly of
machine parts and construction materials), the requirement
for mechanical strength of bioadhesives is not as stringent,
since they are mostly subjected to mild and transient stress.
Nonetheless, they should be able to withstand external forces
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generated post application in such cases as various natural
bodily movements. More importantly, as many biomaterials
and biological tissues are highly flexible in nature, it would
be ideal for the bioadhesives to match their elastic mechani-
cal properties to prevent mechanical failure by mechanical
mismatch. For example, it has been reported that brain tissue
is generally very soft, with the Young’s modulus of 1 kPa
or lower, while that of precalcified bone tissue can reach
up to a hundred kPa [11]. For this reason, and given the
fact that most biopolymers are only aqueous-soluble, most
bioadhesives are in the form of hydrogel by sol—gel transi-
tion of the biopolymer solution, and there is added emphasis
placed on the ability to control their mechanical properties
by controlling the crosslinking density. Natural biopolymers
generally lack the mechanical strength compared to synthetic
polymers, so chemical modification to impart various func-
tional groups is often applied to biopolymers to allow more
robust and controllable chemical crosslinking. Furthermore,
this makes it possible to hybridize different polymer systems
in order to introduce added functionalities.

Bioadhesives based on natural polymers often rely on
physical interactions, mostly hydrophobic interaction, hydro-
gen bonding, and ionic interactions. Therefore, the ‘physical
adhesion’ has the advantage of controlling both adhesion
and cohesion using the inherent physicochemical properties
of the natural polymers. In addition, it is also highly desir-
able for bioadhesive to be injectable, as the liquid precursor
solution can undergo spontaneous curing (“in situ forming”)
upon application with proper stimuli such as temperature
and pH. However, these interactions are generally weaker
than ‘chemical adhesion’ which involves a wide range of
chemical reactions to induce linkage to the material surface
for adhesion as well as chemical crosslinking to control the
cohesion. The chemical adhesion is broadly applicable to
both natural and synthetic polymers, as reactive functional
groups capable of undergoing chemical crosslinking can
often be presented to polymers [12, 13]. But for the sake
of maintaining the biocompatibility, the reaction condi-
tions must be carefully chosen that they are able to proceed
without causing significant harm to the host. The chemical
reactions that can proceed under physiological conditions
without causing significant toxicity, such as Michael addi-
tion, Schiff base formation, and “click” chemistry, as well as
those mediated by enzymes, are also widely used to create
in situ forming bioadhesives.

For bioadhesives intended for temporary implantation
like surgical glues, which is used in place of or to aug-
ment sutures in our body, it is highly desirable for them to
undergo biodegradation in order to avoid additional surgical
procedure to remove them. Many protein-based bioadhe-
sives, including gelatin and fibrin, have the advantage in this
case due to the abundance of protein-degrading enzymes
(i.e. proteases) [14, 15]. An important consideration for the
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development of biodegradable bioadhesives is balancing
the rate of biodegradation while not compromising their
mechanical integrity. Obviously, the destruction of polymer
chains during the biodegradation process inevitably leads
to the loss of cohesion, which in turn leads to the loss of
adhesion. This is especially problematic for protein-based
bioadhesives which often suffer from premature biodegrada-
tion. Therefore, it is important to design the biodegradable
bioadhesives to maintain their cohesion and adhesion until
sufficient wound healing and tissue regeneration have taken
place. Furthermore, the degraded byproducts must not cause
significant inflammation to the surrounding tissue.

With these characteristics and considerations for bioad-
hesives in mind, considerable research efforts are underway
to develop the next-generation bioadhesives, some of which
have already been approved for use. In the following, bio-
adhesives based on various natural polymers are introduced
with several notable examples.

2 Polysaccharide-based bioadhesives

Polysaccharides such as alginate, chitosan, dextran, and cel-
lulose, have long been a fixture in biomedical engineering.
They are commonly used to fabricate nanofibers and hydro-
gels for drug delivery and tissue engineering applications
[16—18]. Due to their highly tunable viscoelastic proper-
ties in solutions, they are widely used as additives for food
and drug manufacturing. They have the critical advantage
of abundant natural source (e.g. agricultural feedstock and
seaweed) and biocompatibility. Some even undergo natu-
ral gelation by physical interactions. For example, anionic
polysaccharides such as alginate and k-carrageenan undergo
ionic crosslinking to form hydrogels using divalent ions.
Agarose solution undergo temperature-dependent sol-gel
transition via hydrogen bonding. Polysaccharides have
numerous hydrophilic functional groups, which are often
chemically modified to change their physical and chemical
properties in order to control their viscoelastic properties
and provide additional crosslinking sites. Hydrogels made
from polysaccharides are heavily being investigated for use
as bioadhesives for surgical sealant, as they can provide both
barrier against harmful external environment and moisture
for tissue hydration. They are especially highly swellable
due to the hydrophilic nature of polysaccharides, which
allows the absorption of bodily fluids from wound sites.
Highly viscous nature of polysaccharide solutions also
results in higher “tack”, which can be described as the
instant bonding, or stickiness, of an adhesive to a surface.
Since chemical bonds between the adhesive and the surface
take time to form, tack is mostly governed by the physi-
cal bonds that form instantaneously upon contact. There-
fore, higher tack is observed for polysaccharides capable of

extensive hydrogen bonding and hydrophobic interaction.
Having higher tack is often desired if there is a concern of
slow curing time, in which the solution may uncontrollably
flow to undesired areas.

Even though some of the polysaccharides can undergo
physical crosslinking, it is still difficult to precisely control
their mechanical properties. Therefore, it is now more com-
mon to employ chemical crosslinking schemes to polysac-
charides for greater maneuverability. For example, Li et al.
developed a photocrosslinkable dextran bioadhesives by
conjugating methacrylic functional groups to dextran via
urethane bond (‘Dex-U’) [19]. The degree of substitution
(DS) of methacrylic groups of Dex-U could be conveni-
ently controlled by the amount of reactant, isocyanatoe-
thyl methacrylate, and the low cytotoxicity also indicated
that the chemical modification did not negatively affect the
biocompatibility. The maximum adhesion strength against
gelatin substrate, measured by the lap-shear test, was nearly
3 MPa, which was 47 times higher than that of a commercial
bioadhesive. As a follow-up, Wang et al. introduced biodeg-
radability and secondary crosslinking to Dex-U by partial
oxidation of dextran by periodate to generate hydrolysable
hemiacetal groups and aldehyde groups capable of addi-
tional crosslinking via Schiff base formation. [20]

For minimally invasive application, it is desirable for the
bioadhesives to be cured upon injection of the liquid precur-
sor. Olivia et al. developed a syringe-injectable bioadhesive
consisting of oxidized dextran and dendrimeric polyami-
doamine (PAMAM) via Schiff base formation (Fig. 1) [21].
The adhesion strength and the extent of interaction between
the bioadhesive and tissue surface increased with the dex-
tran concentration. This result indicated that aldehyde in
oxidized dextran could also undergo Schiff base forma-
tion with numerous amine groups present in tissue surface,
leading to stronger adhesion. Giano et al. have similarly
reported a bioadhesive consisting of oxidized dextran (i.e.
polydextran aldehyde (PDA)) and branched polyethylen-
imine (PEI) [22]. At a given PDA concentration of 2.5 wt%,
the storage modulus was controlled from 640 to 4350 Pa,
and the maximum adhesive strength was controlled from
1.83 to 2.76 kPa, by the PEI concentration from 3.5 to 10.3
wt%. This result clearly indicated that this material system
allowed the significant control of cohesion without compro-
mising the adhesion. In addition, the range of modulus was
on par with that of biological tissues. Due to the inherent
antibacterial properties of PEI, owing to numerous amine
groups, the PDA-PEI bioadhesive demonstrated substantial
antibacterial activity.

Unlike dextran which is charge-neutral, chitosan is a
cationic polysaccharide derived from chitin, which is also
a polysaccharide consisting of N-acetyl-p-glucosamine
(GlcNAc) units. It is the second most abundant natu-
ral polysaccharide, next to cellulose, as it is the major
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Fig. 1 a Schematic illustration of an injectable hydrogel bioadhesive
by crosslinking dendrimeric polyamidoamine (PAMAM) and oxi-
dized dextran via Schiff base formation. b The maximum adhesion
strength of the PAMAMY/dextran bioadhesive against tissue increased

structural component of crustaceans and insects. Similar
to plant-derived cellulose, chitin exists in a physically
crosslinked form with high mechanical strength due to
extensive hydrogen bonding through hydroxyl and acetyl
amide groups. However, its insolubility in limits the broad
applicability. Chitosan is an acid-soluble form derived
from chitin by deacetylation of GIcNAc to ,-glucosamine
(GIcN). Like other polysaccharides, chitosan is also bio-
compatible, biodegradable, and tunable viscoelastic solu-
tion properties, which allows the broad applicability in
many food and drug formulations [23, 24]. The cationic
nature of chitosan, owing to the numerous amine groups
from GIcN, gives rise to highly unique physical properties
[25]. Chitosan can be crosslinked multivalent anions, such
as sodium tripolyphosphate (TPP), sodium hexametaphos-
phate (HMP), and trisodium citrate, to become hydrogels,
while various chemical crosslinking methods can be
applied for greater controllability by conjugating reactive
functional groups. It is also widely recognized for natural
antibacterial properties, as the cationic charge has been
known to disrupt the bacterial cell wall. In addition, chi-
tosan has also demonstrated mucoadhesive and hemostatic
properties via electrostatic interaction with anionic mucin
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with dextran concentration. ¢ The degree of PAMAM/dextran bio-
adhesive interaction with tissue increased with dextran concentra-
tion. Reproduced with permission from Ref. [21]. Copyright © 2012
American Chemical Society

and cell membrane. All these factors have contributed to
the popularity of chitosan as a bioadhesive material.

Chitosan is only soluble in acidic aqueous media, so
chemical modification of chitosan is often used to enhance
the biocompatibility by rendering chitosan soluble in neutral
and basic aqueous media. For example, Kim et al. developed
a poly(ethylene glycol) (PEG)-grafted chitosan hydrogel
crosslinked by PEG-dialdehyde as an injectable bioadhesive
(Fig. 2) [26]. Hydrophilic PEG rendered chitosan soluble
in neutral and basic pH, while the crosslinking reaction via
Schiff base formation proceeded under physiological con-
ditions. The adhesion strength could be controlled by the
crosslinking density and the PEG graft architecture (Iength
and density), while all conditions demonstrated antibacterial
properties. Furthermore, encapsulation of epidermal growth
factor into the bioadhesive facilitated the wound healing and
reduced scar formation, demonstrated using an in vivo skin
wound model.

In addition to tissue sealant for wound healing, mucoad-
hesive properties of chitosan is also being investigated as a
drug delivery system through mucosal administration [27].
This is especially an attractive area of biomedical applica-
tion for chitosan, since chitosan nano- or micro-particles can
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Fig.2 PEG-grafted chitosan (PEG-g-Cs) is crosslinked by PEG dial-
dehyde via Schiff base formation to form Cs-PEG hydrogel bioadhe-
sive. The mechanical and adhesive properties of the Cs-PEG hydrogel
was controlled by crosslinking density and the PEG graft architecture.

be easily formed by coacervation and ionic crosslinking of
chitosan emulsion, and administered in a minimally inva-
sive manner. For example, Sang et al. demonstrated that chi-
tosan nanoparticles crosslinked by phytic acid (PA) showed
higher drug encapsulation efficiency and mucoadhesiveness
and slower drug release than those crosslinked by TPP and
HMP [28]. In addition, chitosan can be incorporated into
other types of materials to impart mucoadhesiveness. Tan
et al. applied the surface coating of chitosan onto lipid nano-
carrier containing amphotericin B, an antifungal drug [29].
In vivo studies have demonstrated that the orally adminis-
tered, chitosan-coated nanocarrier showed much improved
bioavailability than the non-coated control. This result was
due to the prolonged transit and retention within the small
intestine through mucoadhesion and subsequent absorption
by the lymphatic pathway.

Even though chitin is not generally soluble in any solvent,
chitin can be processed into nanoparticles and nanofibers
which have been used as bioadhesives. For example, Hao
et al. developed chitin nanoparticles functionalized with
guanidinium as a bioadhesive [30]. The guanidinium moie-
ties allowed multifaceted physical interactions, ionic inter-
action, hydrophobic interaction and hydrogen bonding,
towards biological tissues. Whereas most biopolymer-based
bioadhesives demonstrate gradual loss in adhesive strength

Cs-PEG as a tissue sealant was demonstrated using an in vivo skin
wound model. Reproduced with permission from ref.[26]. Copyright
© 2019 Elsevier Ltd

under wet conditions mainly due to swelling, the chitin
nanoparticle-based bioadhesive maintained stable adhesion
against hydrated environment.

Catechol has been one of the most widely utilized func-
tional groups for adhesives, as it was found to be the major
mediator of adhesion of several species, such as mussel and
gecko, through various physical and chemical pathways
(Fig. 3) [31-33]. Therefore, many bioadhesives research
efforts have adopted this “bio-inspired” approach by intro-
ducing catechol groups to control the adhesion. Chitosan has
been especially attractive for catechol conjugation due to the
abundant presence of chemically labile amine groups. Park
et al. synthesized catechol-presenting chitosan (‘C-CC’) by
conjugating 3,4-dihydroxyhydrocinnamic acid to chitosan
via carbodiimide coupling [34]. Furthermore, catechol was
converted to o-quinone derivative via enzymatic oxidation
(‘E-CC’). Since E-CC could promote cohesion by Michael-
type addition, the adhesion and cohesion of this bioadhesive
could be balanced by varying the relative concentrations of
C-CC and E-CC. In another example, Ryu et al., developed
a tissue bioadhesive by crosslinking catechol-conjugated
chitosan (CHI-C) with terminally thiolated Pluronic F-127
triblock copolymer (Plu-SH) (Fig. 4) [35]. At higher pH
(above neutral), catechol becomes o-quinone which can
undergo Michael-type addition with thiol. CHI-C/Plu-SH
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mixture remains a viscous solution at room temperature,
but it becomes a stronger hydrogel at higher temperature of
37 °C, caused by the thermoresponsive gelling behavior of
Pluronic F-127. This thermoresponsive physical crosslink-
ing characteristic allowed the CHI-C/Plu-SH hydrogel to be
used as a tissue-injectable bioadhesive. The adhesive hydro-
gel CHI-C/Plu-SH showed strong adhesiveness to soft tissue
and mucous layers and demonstrated superior hemostatic
properties.

Lih et al. developed a chitosan grafted with PEG-tyramine
(CPT), which can be enzymatically crosslinked by horserad-
ish peroxidase in the presence of H,O,. The CPT hydrogels
exhibited 3 to 20 times the adhesive strength of a commer-
cial fibrin glue (Greenplast®) by using different concentra-
tions of H,O,. It also promoted wound healing and reduced
fibrosis demonstrated using an in vivo skin incision model
[36]. Li et al. similarly fabricated an injectable chitosan
hydrogel bioadhesive consisting of two chitosans modi-
fied with tetrazine and trans-cyclooctene [37]. By taking
advantage of fast and specific inverse-demand Diels—Alder
cycloaddition reaction, a series of bioadhesive were prepared
by employing copper-free click chemistry. In addition, the
adhesive strength increased 2.3 times higher than that of the
conventional fibrin glue when 4-arm PEG aldehyde was used
as a crosslinking agent.

The ability of catechol to undergo metal coordination has
also been a key mechanism to enhance adhesion. Wang et al.
developed a double-crosslinking double network hydrogel
by simultaneously introducing two types of crosslinking
mechanisms to chitosan; photo-initiated radical crosslink-
ing by methacrylic functionalization and Fe** coordination
by catechol [38]. The improved mechanical strength as well
as additional adhesion sites provided by catechol also greatly
improved the adhesive strength.

Cellulose is the most abundant biopolymer on earth, as
the major structural component of plants as well as microbial
species [39]. Due to the high mechanical strength owing to
the fibrous nature, assembled by hydrogen bonding between
B-p-glucopyranose units, in addition to the abundant and
inexpensive source, cellulose is one of the most important
industrial materials such as textile, paper, and construction.
Traditionally in biomedicine, cellulose is mostly used as
wound dressing in the form of woven fabric. More recently,
bacterial cellulose (BC), which can be produced in industrial
scale via bacterial fermentation, is increasingly utilized over
plant-derived cellulose. BC has more scalable and superior
mechanical properties due to higher degree of crystallinity
(devoid of nonfibrous components) and three dimensional
nanofibrous network, which give rise to higher mechanical
strength and larger surface area [40]. Larger fibrous cellu-
lose can be processed into smaller cellulose nanofibrils (or
nanocrystals) that are dispersible in aqueous media and used
as fillers for composite materials [41]. Chemically modified

cellulose to impart aqueous solubility, such as carboxym-
ethylcellulose (CMC), has long been used in drug delivery
and tissue engineering applications. CMC has a long his-
tory in adhesive technology, as CMC is the major compo-
nent of the majority of commercial denture adhesives (e.g.
Fixodent®, SeaBond®, Super Polygrip®) [42]. A blended
solution consisting of CMC and other polymers show
highly variable viscoelastic properties that provide adequate
amount of adhesion while easily be detached by force, which
is a prerequisite characteristic for denture adhesive. CMC-
based hydrogel has been used as tissue adhesives for as car-
riers for drugs and drug delivery system, superabsorbent
material or tissue adhesives.

Like other polysaccharides, cellulose is also heavily
investigated for bioadhesive applications. In order to control
the cohesion and adhesion, cellulose is similarly modified
with reactive functional groups, such as catechol. Khamrai
et al. have prepared a composite bioadhesive consisting of
reduced graphene (rGO) and silver nanoparticles (Ag NP)
with catechol (DOPA)-modified BC (BC-DOPA) (Fig. 5)
[43]. The presence of rGO and Ag NP’s within BC-DOPA
bioadhesive significantly increased the mechanical strength,
while Ag NP’s also imparted anti-bacterial effect against
both Gram-positive and Gram-negative bacteria. Alterna-
tively, dispersible cellulose nanocrystals can be incorporated
into a polymeric network as a filler to generate nanocom-
posite structure. Li et al. developed a nanocomposite bioad-
hesive by incorporating cellulose nanocrystals mineralized
with calcium carbonate into catechol- and vanillin-modified
polylysine [44]. The nanocomposite bioadhesive demon-
strated significant improvement in both mechanical and
adhesion strengths over the polymer-only adhesive.

Due to their inherent fibrous nature, cellulose has been
long used to generate nanofibers for various biomedical
applications. Nanofibers have high porosity and surface area,
as compared to other monolithic structures such as hydrogels
and elastomers, thereby having greater degrees of interac-
tion with biological molecules. Taking advantage of these
attributes, cellulose nanofibers are also being used as bio-
adhesives. For example, Kim et al. developed BC nanofiber
conjugated with the antibody for involucrin, a membrane
protein commonly found in skin [45]. The antigen—antibody
interaction allowed the BC nanofiber to form strong adhe-
sion to the skin.

3 Protein-based bioadhesives

Proteins are also widely explored as bioadhesives [14]. Gen-
erally, polysaccharides can be obtained in large quantities
from inexpensive source than proteins that are more expen-
sive and difficult to extract in large quantities. But proteins
are highly multifunctional in nature due to different amino
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Fig.5 a Schematic illustration, photograph and TEM image of com-
posite bioadhesive consisting of silver nanoparticles (Ag NPs) and
reduced graphene oxide (rGO) in catechol-modified bacterial cellu-
lose (Bac-DOPA). b mechanical strength, ¢ cell proliferation, and d

acid compositions, which can be manipulated to present
various functional groups used for crosslinking in addition
to innate physical crosslinking via hydrogel bonding and
hydrophobic interaction [46]. In addition, unmodified pro-
teins can also have the ability to be crosslinked enzymati-
cally, such as transglutaminase and horseradish peroxidase.
Furthermore, proteins are highly biodegradable due to pro-
teinases inherent in our bodies, which makes them ideally
suited for implantable applications.

One of the first type of protein-based bioadhesive
to be approved for medical use was fibrin hydrogel (e.g.
TISSEEL® and EVICEL®) as a surgical sealant, taking
advantage of the natural blood coagulation mechanism by
which fibrinogen polymerization mediated by thrombin in
the presence of Ca** and Factor XIII leads to clot forma-
tion that seals the wound. Since all the components are
naturally derived without any chemical modifications, the
fibrin hydrogel is highly biocompatible and biodegradable.
For the same reason, however, it is readily bioresorbable,
which could limit long-term applications with critically
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antibacterial effect of Bac-DOPA/AgNPs/rGO were all greater than
those of Bac-DOPA. Reproduced with permission from Ref.[43].
Copyright © 2019 American Chemical Society

diminishing mechanical strength. There is a potential risk
of immune response arising from the source of protein and
the infection. Also, being composed of expensive proteins, it
is quite costly and must be stored at low temperature.

Since fibrin hydrogel is formed by enzymatic crosslink-
ing of native proteins, chemical modification of fibrin is not
generally feasible, as it may lead to unwanted change in the
crosslinking process [47]. In order to improve the cohesive
and adhesive properties of fibrin hydrogels, introducing a
secondary polymeric network or nanocomposite has been
explored. For example, Sundaram et al. developed a fibrin
nanocomposite hydrogel laden with chitin and tigecycline-
loaded gelatin nanoparticles (tGNPs) (Fig. 6) [48]. While
chitin acted as a secondary network for semi-IPN struc-
ture, tGNPs acted as nanofillers within the chitin-fibrin
network. The presence of both chitin and tGNPs substan-
tially increased the mechanical properties, up to 280-fold
increase in elastic modulus from the pure fibrin hydrogel.
While the adhesion strengths measured from lap-shear tests
were similar, those measured from burst pressure tests were
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Fig.6 Nanocomposite hydrogel bioadhesive with improved adhesive
strength and antibacterial property was generated by encapsulating
tigecycline-loaded gelatin nanoparticles (tGNPs) into chitin-fibrin

significantly enhanced by the presence of chitin and tGNPs,
indicating that the enhanced cohesion could prevent mechan-
ical failure of the bioadhesive. Furthermore, encapsulation
of tigecycline, an antibiotic, into the chitin-fibrin hydrogel
demonstrated antibacterial effect. Zhang et al. developed
an IPN network hydrogel consisting of hyaluronic acid
and fibrin [49]. Hyaluronic acid was modified to present
thiol groups, so that it can form hyaluronic acid network
by disulfide bond. The IPN hydrogel demonstrated higher
mechanical strength and slower biodegradation.

Gelatin has long been a fixture in food and drug devel-
opment as a gelling material, as it undergoes temperature-
induced sol-gel transition. It is obtained mostly from by
partial hydrolysis of collagen in animal tissues (e.g. porcine
and bovine skin). In addition to natural gelation, biocompat-
ibility, bioactivity (cell adhesion and biodegradation), and
relatively abundant source compared to other proteins have

Clinical MRSA isolates

" WA

hydrogel. Reproduced with permission from ref.[48]. Copyright ©
2018 American Chemical Society

made gelatin one of the most widely used biopolymer for
biomedical applications mainly for developing drug deliv-
ery systems and tissue engineering scaffolds [50, 51]. More
recently, chemical modification of gelatin to present meth-
acrylate, often termed gelatin methacrylate (‘GelMA”) has
gained significant popularity for developing photocrosslink-
able gelatin hydrogel [52]. Naturally, GelMA hydrogels have
also been broadly investigated as bioadhesives. For example,
Assmann et al. explored the photocrosslinked GeIMA hydro-
gel as a bioadhesive for tissue adhesion [53]. The adhesion
strength was controlled by the concentration of GeIMA and
the UV dosage for photocrosslinking. Using in vivo lung
leakage model, the GelMA hydrogel was shown to effec-
tively seal the leakage.

The adhesive properties of GeIMA hydrogels could
be controlled by incorporating additional polymeric
components. For example, Zhao et al. also developed a
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photocrosslinkable GeIMA hydrogel as a bioadhesive sup-
plemented with oxidized dextran presenting aldehyde groups
(ODex) (Fig. 7) [54]. ODex could be crosslinked with both
GelMA and biological tissue via Schiff base formation. The
mechanical stiffness could be controlled in a wide range, up
to 400 kPa with GeIMA and ODex concentrations, while the
adhesive strength also increased concurrently. This proved
that the increase in cohesion within this range did not com-
promise and rather augmented the adhesion. Similarly,
Tavafoghi et al. developed a hybridized GelMA and alginate
methacrylate (AlgMA) hydrogel bioadhesive [55]. The pres-
ence of methacrylate on both gelatin and alginate allowed
copolymerization by photocrosslinking. Additionally, the
ability of alginate to undergo ionic crosslinking with diva-
lent ions also afforded enhancing the mechanical strength.
Like other biopolymers, gelatin has also been modified
with catechol groups to enhance the adhesion strength of
gelatin bioadhesive. Liu et al. prepared catechol- (Gel-Ca)
and phenol-modified (Gel-Ph) gelatin bioadhesives [56].
Both Gel-Ph and Gel-Ca hydrogels could be prepared by
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Fig.7 a Schematic illustration of GelMA-ODex bioadhesive for
suture-less keratoplasty. ODex is crosslinked with both GeIMA and
the biological tissue (cornea and recipient bed), and GelMA is photo-
crosslinked to form hydrogel. b Young’s moduli and ¢ shear adhesive
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photocrosslinking of phenolic groups (PPG and PCG,
respectively), while Gel-Ca hydrogel could also be prepared
by ionic crosslinking with Fe** (ICG). It was shown that
the adhesive strengths of PPG and PCG were much higher
than that of ICG. Also, the rate of biodegradation was much
faster for ICG. These results indicated that photocrosslinking
was more effective in controlling the cohesion and adhe-
sion. Regardless of the mode of crosslinking, they all dem-
onstrated low cytotoxicity.

4 Polyphenol-based bioadhesives

Polyphenols refer to a large family of structurally diverse
organic compounds mostly found in plants that contain mul-
tiple phenolic groups, such as phenolic acids, flavonoids,
coumarins, and tannins [57]. Their biological roles include
pigment formation and protection against harmful radiation
and pathogens. With the recent rise in popularity of catechol
as a mediator of adhesion, polyphenols are being viewed as
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strengths of GelMA-ODex bioadhesives controlled with the polymer
concentrations. Reproduced with permission from Ref. [54]. under
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a viable alternative to catechol-presenting polymers for bio-
adhesives, as they naturally contain phenolic units and could
be economically obtained from large-scale production [58].
Polyphenols can be mass-produced in an eco-friendly man-
ner by extraction of agricultural and forestial byproducts.
Due to antioxidant properties, polyphenols also display anti-
microbial properties. Polyphenol-based bioadhesives cured
by physical association have been shown to demonstrate
self-healing properties.

Tannins are a class of branched macromolecules consist-
ing of phenolic groups such as gallol and catechol units.
Their exact structures and sizes vary widely depending on
the biological sources. The oligomeric and polymeric tannic
acid (TA), consisting of gallic ester units, are deemed espe-
cially attractive and widely explored as bioadhesive, because
they are water soluble and can undergo cohesive interactions
due to the phenolic units forming larger and mechanically
robust network structures such as hydrogels. [59]

The phenolic groups on TA are capable of various physi-
cal interactions as hydrogen bond, hydrophobic interaction,
and ionic interaction, which allows TA to hybridize strongly
with a diverse array of polymers, without the need for addi-
tional chemical reaction schemes. Shin et al. utilized this
capability of TA by developing TA-DNA (TNA) hydrogel,
in which TA acted as a “molecular glue” to hold DNA mol-
ecules together [60]. Since DNA consists of a series of het-
erocyclic aromatic base, it could bind strongly with TA via
both hydrophobic interaction and hydrogen bonding. TNA
hydrogel demonstrated several advantageous qualities, such
as biodegradability (ester groups in TA) and hemostatic
properties (phosphate groups in DNA), in addition to adhe-
sive properties. Luo et al. developed a hydrogel bioadhesive
by crosslinking TA with silk fibroin (SF) [61]. SF is a pro-
tein with extensive hydrophobic residues capable of forming
hydrogen bonds and hydrophobic interactions. Therefore, it
can also undergo substantial intermolecular interactions with
TA by the same mechanism, resulting in enhanced mechani-
cal toughness. Ke et al. further engineered TA-SF hydrogel
bioadhesive to enhance the antimicrobial properties by the
addition of Ag NP’s. [62]

TA can also interact with synthetic polymers that pos-
sess functional moieties capable of physical interactions.
Fan et al. prepared a hydrogel adhesive composed of
poly(dimethyl diallyl ammonium chloride) (PDDA) and TA
in the presence of Fe** via ionic interaction (Fig. 8a) [63].
TA could interact with cationic PDDA via electrostatic inter-
action, while also forming coordination with Fe3* at lower
pH, resulting in strong cohesion. The crosslinking density
of the PDDA-TA hydrogel was controlled by the PDDA/TA
ratio. Furthermore, the adhesion strength was well main-
tained at lower pH due to the increasing amount of hydrogen
bonds. Fan et al. developed a nanocomposite hydrogel as
a hemostatic adhesive by incorporating kaolin, aluminum

silicate mineral, into TA-polyacrylamide (PAAm) hydrogel
[64]. TA can participate in the radical polymerization of
acrylamide to form PAAm through the radicals generated on
the gallol groups to form hydrogels. The mechanical tough-
ness of TA-PAAm hydrogel was significantly enhanced by
incorporating kaolin as a filler. Wen et al. improved the
mechanical toughness of polyethylene glycol polyurethane
(PEG-PU) hydrogel by incorporating TA (Fig. 8b) [65].
PEG-PU hydrogel was first prepared by crosslinking PEG-
PU prepolymer with trimethylolpropane as a crosslinker.
TA was incorporated into the PEG-PU network in order to
induce physical crosslinking with PEG-PU via hydrogen
bonding to urethane groups. The resulting TA-PU hydro-
gel demonstrated significant increases in both mechanical
toughness and adhesion strength.

Owing to its ability to adhere a wide range of proteins
via physical interaction, TA can also be used for hemo-
static applications. Kim et al. produced a simple and highly
scalable hemostatic bioadhesive by mixing TA with PEG
(‘TAPE’) [66]. The intermolecular hydrogen bonding
between TA and PEG was strong enough that the adhesion
strength of TAPE was 250% higher than a commercial fibrin
adhesive. Jin et al. developed cholesteryl liquid crystal emul-
sion (CLCE) modified with TA [67]. The presence of TA
induced and facilitated blood coagulation, while the change
in optical properties of CLCE during the coagulation could
be used as the color indicator.

The phenolic groups on TA are also capable of vari-
ous chemical reactions. For example, taking advantage of
catechol and gallol to become quinone by oxidation, Hao
et al. employed a TA-sliver dual catalysis strategy based on
a reversible redox reaction, in which catechol groups on TA
reduced Ag* to Ag NP’s while being oxidized to quinone
and semiquinone, which in turn rapidly initiated the radi-
cal polymerization to generate PAAm-cellulose nanocrys-
tal (CNC) hydrogel [68]. Incorporating CNC, along with
the presence of TA providing additional physical associa-
tion, showed marked increased in mechanical properties. In
addition, the newly formed Ag NP’s imparted antimicrobial
properties. In another example of utilizing oxidized TA, Guo
et al. developed a TA-gelatin hydrogel adhesive by reacting
oxidized TA with gelatin [69]. At higher pH with high oxy-
gen concentration, phenolic groups of TA underwent oxida-
tion to form quinone, which could react with amine groups
of gelatin via Michael addition.

With the recent rise in popularity of wearable biosen-
sors, biopolymers are increasingly investigated as a sensor
platform for their biocompatibility and mechanical con-
formability and adhesive properties. TA is an excellent can-
didate for this purpose for its natural adhesive properties
and the physical interaction with other materials for added
functionalities. Qiao et al. developed a composite hydrogel
system consisting of sodium alginate, TA and crosslinked
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Fig.8 a The hydrogel bioadhesive consisting of poly(dimethyl diallyl
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of Fe’*. Increased Fe-catechol coordination and hydrogen bonding
at lower pH contributed to both adhesion and cohesion of the hydro-
gel. Reproduced with permission from Ref. [63]. Copyright © 2017
American Chemical Society. b The mechanical strength of polyure-

polyacrylamide (‘STP hydrogel’) (Fig. 9) [70]. This hybrid-
ized material demonstrated improved mechanical stretchabil-
ity, self-healing, adhesiveness and ionic conductivity. The
STP hydrogel attached on skin could detect various bodily
movement by measuring the change in resistance in response
to mechanical strain.

5 Conclusions and future perspectives

Adhesives are one of the most ubiquitous materials used
today, from household glues to high-strength industrial
adhesives. With the increasing awareness of environment
and human health, extensive research efforts have been
made to develop biocompatible and eco-friendly adhesives
by using materials and employing crosslinking schemes that
are less toxic and eco-friendly. For this purpose, the obvious
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thane (PU) hydrogel adhesive was enhanced by incorporating TA. PU
hydrogel was first prepared with TMP crosslinker, followed by infus-
ing TA into the dried PU mesh. Reproduced with permission from
Ref. [65]. under Creative Commons and Attribution license (CC BY
4.0)

choice of material has been biopolymers that can be obtained
from scalable industrial production, most notably cellulose,
natural rubber, lignin and alginate.

The concept of “bioadhesive”, in its truest sense, was
originated mainly for wound closure. Bioadhesive can seal
the wound gap that is generally not possible for sutures
and tapes to prevent the leakage of biological fluids and
prevent infection while the tissue regeneration takes place.
Bioadhesive can also act as a drug delivery system to fur-
ther assist and facilitate the regenerative process. The
original bioadhesive developed for wound closure was
cyanoacrylate, which is still widely being used today. It
has the advantage of rapid-curing rate, high mechanical
and adhesion strengths, but it is also shown to elicit vari-
able inflammatory responses, especially if it entered the
wound gap. Therefore, the current bioadhesive research
for wound closure is mainly focused on improving the
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and ¢ adhesion towards various substrates. d The change in resistance

biocompatibility while not critically jeopardizing the
cohesion and adhesion strengths. This aspect has become
more vital as the biocompatibility requirement for bioad-
hesive is becoming stringent, especially for internal surgi-
cal sealant. This was the main reason for the recent devel-
opment and popularity of natural fibrin hydrogel-based
bioadhesive (e.g. TISSEEL®). However, it still remains
a challenge to meet all the criteria required for surgical
adhesives to be more broadly applicable; biocompatibility,
strong and controllable adhesion strength, timely curing
rate and degradation, and cost-effectiveness.

In addition to surgical applications, the recent rise in
wearable biomedical devices is also driving the bioadhe-
sive technology [71]. Wearable devices as biosensors, drug
delivery systems and engineered tissues come in all shapes
and sizes, and are made using a wide variety of materials.
Also, there are clear operational differences, such mode of
delivery (internal vs. topical) and duration (temporary vs.
permanent). These factors all call for bioadhesives with
tailor-made properties.

(R/R;) of STP hydrogel attached to different body parts via various
movements. Reproduced with permission from Ref. [70]. Copyright
© 2019 American Chemical Society
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